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Magnetic Logic Elements 

This invention relates to the provision of logic 
circuitry by implementing the properties of magnetic 
5 quantum dots . 

The integration density of silicon electronic devices 
such as microprocessors has followed steady exponential 
growth during the last forty years. While there is still 
much potential for future growth of silicon integration, a 
,10 point will eventually come when further increase in 
integration density will become impossible. There is 
therefore a need to provide alternatives for digital logic. 
Ideally, one might like to move to molecular electronics 
where single molecules or atoms are used as logic gates and 
15 interconnect. There are, however, sufficient technological 
and scientific difficulties to be overcome in this field 
and so it is unlikely to replace silicon electronics 
directly. Much interest has recently been focussed on 
electronic quantum dots and single electron transistors as 
2 0 candidates for continuing the growth of integration density 
beyond that of conventional silicon devices. A 
particularly interesting configuration of quantum dots 
called a quantum cellular automaton (QCA) has shown the 
ability to perform logic operations. Unfortunately, these 
25 devices currently only work at very low temperatures. 

According to the present invention there is provided 
a logic device formed from at least one chain of dots of 
magnetic material, each dot having a width of 200 nm or 
less and being spaced at a distance that is sufficiently 
30 small to ensure magnetic interaction of adjacent dots. The 
dots may be lOOnm or less, or 80nm or less. 

The dots may have a circular shape, an elliptical 
shape or a combination thereof. 

The dots may be formed from a soft magnetic material, 
35 such as permalloy (Ni 80 Fe 20) or Co Fe . 

The dots may be formed on a substrate formed from a 
material such as silicon. 

The logic device may also comprise means for providing 
one or more controlled magnetic fields to the chain of 
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dots. The means for providing a magnetic source may 
include means for controlling the source that the magnetic 
field or fields can operate as a controlling clock. In such 
a device plural chains may be arranged to provide OR gates ., 
5 AND gates, NOT gates, a combination thereof, or any one of 
a number of other logic gates. Such a device may provide 
an electrical output or outputs by further comprising one 
or more components generating a magneto-electrical effect. 
The present invention provides QCA using magnetic 

10 quantum dots. The design works well up to the Curie 
temperature of ferromagnetic metals ("1000K) and can be 
implemented with dots as large as 200nm or as small as 
10nm. The invention therefore provides magnetic quantum 
cellular automata (MQCA) which can bridge the gap between 

15 conventional silicon devices and molecular electronics. 
2 00nm dots offer an increase in areal integration density 
(effective number of transistors per chip) of 400 times 
over today's CMOS; lOnm dots offer a factor of 160 000. 
Moreover, the fabrication of employing MQCA devices is 

20 relatively straightforward when compared with today's CMOS 
processes. MQCA according to the invention can therefore 
radically alter the economics of IC manufacturing, allowing 
smaller companies who cannot raise the capital for a CMOS 
fabrication (~US$2 Billion) to enter the market. In 

25 addition, being all magnetic, MQCA is well poised to 
interface to the emerging technology of Magnetic Random 
Access Memory (MRAM) which is set to replace all 
semiconductor computer memory in coming years. 

One example of the present invention will now be 

3 0 described with reference to the accompanying drawings, in 
which; 

Figure 1 is a schematic diagram of a logic device 
incorporating various principals according to the present 
invention; 

35 Figure 2 is a schematic diagram showing a soliton 

defect in a logic element according to the present 
invention; 
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Figures 3 shows how logic interconnections according 
to the invention can cross over one another without adverse 
interference; 

Figures 4A, 4B and 4C are schematic diagrams showing 
how an example of the present invention can be configured 
to provide impedance matching; and 

Figure 5 shows how signal fan-out may be achieved 
according to the invention by changing the thickness of 
dots in the vicinity of the splitting of the chain. 

Prior to describing the invention it is useful to 
provide some background . 

Nanometre scale magnetic particles ('nanomagnets') 
have recently been the subject of intense scientific and 
technological research. These artificial O-dimensional 
structures are particularly interesting because as well as 
providing an excellent laboratory in which to study 
fundamental problems in magnetism, they are also very 
promising candidates for future technological applications 
such as ultrahigh density hard disk media and non-volatile 
memory for computing. 

Much of the usefulness of nanomagnets arises as a 
consequence of a principle known as Brown's Fundamental 
Theorem which states that , because of a competition between 
magnetostatic energy and quantum mechanical exchange 
energy, magnetic domain formation should be entirely 
suppressed in very small (~1(T 8 m) magnetic particles, 
causing nanomagnets to behave as single giant spins. The 
validity of this theorem in planar circular ferromagnetic 
disks has recently been demonstrated experimentally. It is 
thus possible to realise experimentally an isolated planar 
dipole moment of several thousand Bohr magnetons. 
Preferential in-plane directions (anisotropy) can 
additionally be selected by the choice of geometric shape 
of the nanomagnet . The magnetic field emanating from this 
giant spin can be several tens of Oersteds even at 
distances as large as lOOnm away. This is to be compared 
with kT/m, the thermal fluctuation energy expressed as a 
magnetic field, of around 1 Oe at room temperature (for say 
a 75nm diameter disk of Permalloy, lOnm thick). 
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Nanomagnets can . therefore be made to interact 
magnetostatically on an energy scale which is large 
compared to the thermal floor/ even at room temperature and 
above . 



(i) Logic states 

Figure 1 shows MQCA scheme according to the invention. 
Circular single domain disks of an isotropic ferromagnetic 

10 material are arranged on a sufficiently small pitch that 
nearest neighbour disks share a strong magnetostatic 
interaction. Typical dimensions would be disks of 80nm 
diameter and 15nm thickness arranged on a 115nm pitch. 
Each disk in this case can be represented as a giant planar 

15 spin. The circular shape of the disks ensures that the. 
isolated spins experience an isotropic energy surface. 
Dipolar coupling is anisotropic, however/ and so two 
neighbouring spins will prefer to point along the line 
joining their centres. The chains of dots shown in Figure 

20 1 are thus bistable: all of the spins in a chain can point 
along the chain but not transverse to the chain. The 
chain represents logic states using a variant of Boolean 
algebra that works with +1 and -1 instead of 1 and 0. In 
the case of a horizontal chain we define spins pointing to 

25 the left as being in state -1 and spins pointing to the 
right as being in state +1. In the case of a vertical 
chain we define spins pointing down the page as being in 
state -1 and spins pointing up the page as being in state 
+ 1. 

30 (ii) Soliton propagation 

Suppose now that we set half of the spins in a chain 
to state +1 and the other half to state -1, as shown 
schematically in Figure 2. These two states meet in the 
centre of the chain to form a defect. For simplicity, we 

35 have drawn the defect in Figure 2 as being point- like, i.e. 
the transition from state -1 to +1 occurs abruptly. The 
defect will, in fact, have structure, i.e. the transition 
will occur over the space of a few dots. Suppose now that 
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a small field is applied, oriented along the length of the 
chain. This will have the effect of energetically 
favouring spins in state +1 over those in state -1. The 
spins in state -1 which are far away from the defect are 
held in place by the interaction field of their nearest 
neighbours and so cannot reverse. The -1 spin at the 
defect feels zero net interaction, however, because the 
interaction field from its +1 neighbour is cancelled by 
that from its -1 neighbour. It is therefore free to 
reverse to align itself with the field, causing the defect 
to move to the right by one cell. This in turn increases 
the number of cells aligned with the field and so lowers 
the energy of the system. The same argument can then be 
applied to the new -1 defect spin and so the defect moves 
again and continues to do so until it reaches the end of 
the chain where it is annihilated. The defect is in fact 
a soliton, i.e. localised and able to be moved by an 
applied field. Soli tons carry a topological charge: we 
call the soliton shown in Figure 2 positive because it 
moves in the direction of positive applied field. A 
soliton mediating a transition from logic state -1 to +1 as 
one moves to the right would carry a negative charge and 
would move against the direction of positive applied field 
(i.e. to the left in Figure 2) . 

Signals propagation in this MQCA scheme is thus 
mediated by magnetic solitons driven by a weak oscillating 
applied field. When the applied field is positive, 
positive solitons move to the right and negative ones to 
the left. These topologically charged solitons are thus 
directly analogous to the electrons and holes used in 
semiconductor IC's. Instead of flowing along aluminium or 
copper wires under the action of an electric field, 
however, they propagate through a network of coupled 
magnetic quantum dots under the. action of one or more 
magnetic fields. The magnetic field or fields can be 
globally applied to an entire chip and serves 
simultaneously as power supply to each dot (any energy 
involved in moving the soliton comes out of the applied 
field) and as a low-skew clock. A vectorial magnetic clock 
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field which rotates, for example, in the plane of the 
device from up the page to left to down the page to right 
may be used in controlling synchronous operation of the 
logic network and in routing signals around corners and 
through gates. 

(iii) Data input 

Data can be put into a chain from an elliptical 
nanomagnet, as highlighted in box A in Figure 1. The 
elliptical form introduces shape ani sot ropy which greatly 
increases its coercivity. It can therefore only be 
switched by strong externally applied fields (either from 
a globally applied field, or, locally from a current 
carrying track, as shown at point E in Figure 1) and is 
unaffected by the interaction field from the circular 
nanomagnets. A soliton can therefore not annihilate at the 
end of a chain carrying an elliptical cell; it can, 
however, annihilate at the free end of a chain. This 
asymmetry guarantees that after one applied field cycle, 
each of the cells in the chain will be set to the logic 
state of the elliptical cell and will be stable. 
Elliptical cells therefore act as input pins and have their 
logic state transmitted down any connecting chains. 
Alternatively, the magnetic state of a dot in a chain can 
be flipped by applying a high density pulse of spin 
polarised electron current via a ferromagnet point contact. 

(iv) Logic gate 

Logic gates can be made by piping 3 chains of dots 
together, as shown in box B of Figure 1. In this case, the 
2 chains arriving from the left are inputs and the chain 
leaving to the right is the output. The nodal dot 
experiences the vector sum of the interaction fields coming 
from the chains and so performs a summation function. 
Boolean AND or OR functions can be achieved in this way by 
applying a bias magnetic field. A NOT function can be 
performed by the arrangement of dots shown in box D of 
Figure 1. An important feature of the logic gates 
described here and indeed of this entire scheme is that 
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logic signals can be fed back to make a latch. Full 
synchronous state machines can therefore be implemented. 

(v) Complex networks 

The design is not limited to the linear chains so far 
discussed. If the globally applied magnetic field is 
applied at 45° to the x and y directions, then chains can 
be constructed along the x and y directions and corners 
turned, as shown in box C of Figure 1 . One of the major 
advantages of QCA and MQCA over conventional CMOS is that 
chains can cross each other as shown in Figure 3 . In this 
case, the solitons should pass through each other without 
interfering. A consequence of this is that a large, 
complex logic unit such as a central processing unit can 
all be built on a single plane without the need for 
15 multilayer processing and vias. The fabrication cost (both 
capital investment and cost per unit) is thus reduced 
compared with CMOS. Alternatively, multiple planes of 
interacting dots can be used to achieve 3 -dimensional logic 
hardware. The various planes can be made to be non- 
20 interacting (and simply used to increase the complexity of 
a single chip) by spacing the planes by a distance greater 
than the dot diameter. Conversely, signals can be passed 
between planes by spacing the planes by a distance smaller 
than the dot diameter. Signal "vias" between planes can 
25 thus easily be implemented. Increases in device complexity 
can readily be achieved through this 3-dimensional 
architecture. 

(vi) Data output 

Logic signals can be converted from a magnetic form to 
30 an electronic form at the final output stages of a chip 
(e.g. dot "F 1 in Figure 1) using magneto-electronic effect 
such as Tunnel Magneto Resistance (TMR) . 

(vii) Impedance matching 

High frequency electronic circuits must be impedance 
35 matched at every junction to avoid reflections. An 
analogous concept exists in MQCA, although not just at high 
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frequencies. Figure 4 (a) illustrates the situation. 
Suppose the spacing between two dots in a chain is larger 
than usual, leading to weaker coupling at that point. This 
might occur at a corner or in a gate design. Suppose now 
that a soliton is propagating from left to right . When it 
arrives at the weakly coupled point, it will experience an 
obstacle to its motion because the field due to dot A 
experienced at dot B is not strong enough to compensate the 
field due to dot C experienced at dot B. The soliton 
cannot propagate through this point unless a larger driving 
field is applied, which may be undesirable. The solution 
is to apply a weak anisotropy to dot B by making it 
slightly elliptical. Another anisotropy of opposite sign 
can also be applied to dot A. Figure 4(b) shows the final 
configuration. In this case the weak coupling from A to B 
is compensated by the anisotropy field at B. A further 
interesting feature of this configuration is that it is 
uni-directional . A soliton propagating from right to left 
would experience an enhanced obstruction. This weakly 

0 linked junction is thus a soliton diode and can be used to 
control the routing of signals in a MQCA system. Coupling 
strength can be changed through the dot thickness as well. 
Fig. 4C shows an alternative form of a soliton diode that 
uses an abrupt change in dot thickness to achieve 

5 unidirectionality . The number in each dot gives the dot 
thickness in nanometres. 

Fan-out of a logic gate into the inputs of several 
other gates is an important feature of any useful logic 
system. MQCA is able to achieve fan out using the gate 

0 structure of box B in Figure 1 in reverse. Small 
anisotropics can be induced in the cells close to the 
junction to achieve impedance matching. The diode effect 
of such anisotropics prevents signals flowing back into the 
output of a gate. Alternatively, fan-out can be achieved 

5 by gradually changing dot thickness in the vicinity of the 
chain splitting, as shown in Fig. 5. The number in each dot 
gives the dot thickness on nanometres. 
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CLAIMS 

1. A logic device formed from at least one chain of dots 
of magnetic material, each dot having a width of 200 nm or 
less and being spaced at a distance that is sufficiently 
small to ensure magnetic interaction of adjacent dots . 



2. A logic device according to claim 1, wherein the dots 
i are lOOnm or less. 

10 

3. A logic device according to claim 1/ wherein the dots 
are 8 0nm or less. 

4. A logic device according to claim 3, wherein the dots 
15 have an elliptical shape. 

5 . A logic device according to claims 1 to 4 , wherein the 
dots are formed from a soft magnetic material. 

20 6 A logic device according to any preceding claims, 
wherein the dots are formed on a substrate formed from 
silicon 

7. A logic device according to any preceding claims, 
25 further comprising means for providing a controlled 

magnetic field to the chain of dots. 

8. A logic device according to claim 7, wherein means for 
providing a magnetic field include means for controlling 
the means such that the magnetic field can operate as a 
controlling clock. 



9. A logic device according to claim 8, wherein plural 
chains are provided and arranged to provide OR gates, AND 
35 gates, NOT gates, or a combination thereof. 
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10. A logic device according to claim 9, arranged to 
provide an electrical output or outputs by further 
comprising one or more components generating a magneto- 
electrical effect. 
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Figure 3 



CI D: <WO 01 3 1 789A2J_> ' 



WO 01/31789 




:ID: <WO 01317B9A2J_> 



WO 01/31789 




Figure 5 
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